In this article, we study the vector meson transitions among the charmonium and bottomonium states with the heavy quark effective theory in an systematic way, and make predictions for the ratios among the vector meson decay widths of a special multiplet to another multiplet. The predictions can be confronted with the experimental data in the future.
Introduction
In 2003, the CLEO collaboration observed a significant signal for the transition Υ(3S) → γωΥ(1S), which is consistent with the radiative decays Υ(3S) → γχ b1,2 (2P) followed by the hadronic decays χ b1,2 (2P) → ωΥ(1S). The branching ratios are Br (χ b1 (2P) → ωΥ(1S)) = 1.63 
+0.11
−0.10 %, respectively [1] . In 2004, the Belle collaboration observed a strong near-threshold enhancement in the ωJ/ψ invariant mass distribution in the exclusive B → KωJ/ψ decays, the enhancement has a mass of (3943 ± 11 ± 13) MeV and a total width of (87 ± 22 ± 26) MeV [2] . Later, the Babar collaboration confirmed the Y (3940) in the exclusive decays B 0,+ → J/ψωK 0,+ , the measured mass and width are 3914.6 +3.8 −3.4 ± 2.0 MeV and 34 +12 −8 ± 5 MeV, respectively [3] . In 2009, the Belle collaboration reported the observation of a significant enhancement with the mass (3915 ± 3 ± 2) MeV and total width (17 ± 10 ± 3) MeV respectively in the process γγ → ωJ/ψ [4] , these values are consistent with that of the Y (3940). The updated values of the mass 3919.1 +3.8 −3.5 ± 2.0 MeV and total width 31 +10 −8 ± 5 MeV from the Babar collaboration are also consistent with the old ones [5] . In 2009, the CDF collaboration observed a narrow structure Y (4140) near the J/ψφ threshold with a statistical significance in excess of 3.8 σ in the exclusive B → J/ψφK decays produced inpp collisions [6] . The measured mass and width are (4143.0 ± 2.9 ± 1.2) MeV and 11.7
+8.3 −5.0 ± 3.7 MeV, respectively [6] . The Belle collaboration measured the process γγ → φJ/ψ for the J/ψφ invariant mass distributions, and observed a narrow peak X(4350) with a significance of 3.2 σ, and no signal for the Y (4140) → J/ψφ structure was observed [7] . Recently, the CDF collaboration confirmed the Y (4140) in the B ± → J/ψ φK ± decays with a statistical significance greater than 5 σ, the measured mass and width are 4143.4 +2.9 −3.0 ± 0.6 MeV and 15.3 +10.4 −6.1 ± 2.5 MeV, respectively [8] . We can take the Y (4140) as an exotic hybrid charmonium [9] and the Y (3940) as the χ c1 (2P) state [10] tentatively. The χ c1 (2P) state has the dominant decay mode DD * and a predicted width of 140 MeV, which is consistent with that of the Y (3940) within the theoretical and experimental uncertainties [10] . On the other hand, the decay Y (3940) → DD * has not been observed yet, which disfavors such identification. There have been several other identifications for the Y (4140) (the molecular state [11, 12] , the tetraquark state [13] , the re-scattering effect [14] , etc) and the Y (3940) (the tetraquark state [15] , the molecular state [12, 16] , etc).
If the Y (3940) is really the χ c1 (2P) state, the 2P charmonium and bottomonium states have similar Okubo-Zweig-Iizuka suppressed decays. Experimentally, there is another χ c1 (2P) candidate, the X(3872) [17] , which was observed in the J/ψπ + π − invariant mass distribution by the Belle collaboration [18] , and confirmed by the D0, CDF and Babar collaborations [19] . If we take the Y (3940) as the χ c1 (2P) state, the X(3872) has to be assigned to the molecular state [20, 21] , the hybrid state [20] , (not) the tetraquark state ( [22] ) [15, 23] , the threshold cusp [24] , (not) the χ c1 (2P) state with some DD * +DD * component ( [25] ) [26] , etc. In the past years, a number of charmonium-like states besides the Y (3940), Y (4140), X(3872) have been discovered, and many possible assignments for those states have been suggested, such as the conventional charmonium states, the multiquark states (irrespective of the molecule type and the diquark-antidiquark type), the hybrid states, the baryonium states, the threshold effects, etc [27] . In this article, we focus on the traditional charmonium and bottomonium scenario, and do not mean such assignments are correct and exclude other possibilities.
In Ref. [28] , Voloshin assumes that the hadronic decays χ b1,2 (2P) → ωΥ(1S) take place through the chromo-electric gluon fields E a ,
where p = (m ω , 0), the ǫ stands for the polarization vector of the ω meson, the d abc are the symmetric SU (3) constants, and the f (q 1 , q 2 , q 3 ) is a totally symmetric form-factor. The bottomonium state can emit three gluons in the 1 −− channels, then the three gluons hadronize to the vector meson ω or φ, and the bottomonium state translates to another bottomonium state subsequently. The chromo-electric and chromo-magnetic gluon fields E a and B a have the quantum numbers J P C = 1 −− and 1 +− , respectively. The chromo-magnetic gluon fields B a are related to the heavy quark spin-flipped transitions, and suppressed by the factors 1/m n Q with n ≥ 1. The dominant contributions of the three gluons to the light vector mesons come from the three chromo-electric fields E a with the special configuration
We can integrate out the intermediate gluons, and obtain the effective Lagrangians, which should obey the heavy quark symmetry.
If the initial and final heavy quarkonium states have large energy gaps, the emissions of three energic gluons are greatly facilitated in the phase space and the corresponding decay widths may be large, although such processes are Okubo-Zweig-Iizuka suppressed in the flavor space and the strong coupling constant |g s | has smaller value due to the larger energy scale. On the other hand, if the ω and φ transitions are kinematically suppressed in the phase space, the branching ratios may be very small. The gluons are electro-neutral, the couplings of the special configuration d abc E a · E b E c to the photons are supposed to be very small and can be neglected. The radiative transitions among the heavy quarkonium states can take place through the emissions of photons from the heavy quarks directly. The dynamics which govern the transitions to the light vector mesons (through three gluons) and to the photons are different. The hadronic decays χ b1,2 (2P) → ωΥ(1S) also receive contributions from the virtual photons through the vector meson dominance mechanism. In the effective Lagrangians at the hadronic level, we do not need to distinguish the virtual photon and three-gluon contributions, which means the coupling constants in the effective Lagrangians contain contributions from both the electromagnetic and strong interactions.
The Okubo-Zweig-Iizuka suppressed decays can take place through the final-state re-scattering mechanism, for example, We can carry out the integral of the intermediate meson-loops firstly, then parameterize the net effects by some momentum-dependent couplings of the χ b Υω or χ c J/ψω. Here we prefer phenomenological analysis, and do not intend to obtain effective field theory, and do not separate the energy scales of the revelent degrees of freedom explicitly so as to integrate out some of them in an systematic way. The momenta of the final states in the center of mass coordinate are about vector meson ω is not energic. If we smear the momentum-dependence of the coupling constants, we can obtain an simple Lagrangian, which describes the Okubo-Zweig-Iizuka suppressed ω or φ transitions among the heavy quarkonium states, and should obey the heavy quark symmetry.
In Ref.
[31], we focus on the traditional charmonium and bottomonium scenario and study the radiative transitions among the charmonium and bottomonium states with the heavy quark effective theory systematically. The charmonium and bottomonium states are heavy quarkonium states, the heavy quark symmetry can put powerful constraints in diagnosing their natures. In this article, we extend our previous works to study the vector-meson transitions among the heavy quarkonium states based on the heavy quark effective theory [32, 33] .
There are a number of unknown parameters which determine the magnitudes of the scattering amplitudes in the multipole expansion in QCD and the final-state re-scatterings mechanism. It is very difficult to distinguish the contributions of the three-gluon emissions from that of the openheavy mesons re-scatterings quantitatively without enough precise experimental data to fitting. In this article, we smear the underlying dynamical details, introduce momentum-independent coupling constants, and make estimations based on the heavy quark symmetry.
The article is arranged as follows: we study the vector meson transitions among the heavy quarkonium states with the heavy quark effective theory in Sect.2; in Sect.3, we present the numerical results and discussions; and Sect.4 is reserved for our conclusions.
2
The vector meson transitions among the heavy quarkonium states
The heavy quarkonium states can be classified according to the notation n 2s+1 L j , where the n is the radial quantum number, the L is the orbital angular momentum, the s is the spin, and the j is the total angular momentum. They have the parity and charge conjugation P = (−1)
L+1
and C = (−1)
L+s , respectively. In the non-relativistic potential quark models, the wave-functions ψ(r, θ, ϕ) of the heavy quarkonium states can be written as R nL (r)Y Lm (θ, ϕ) in the spherical coordinates, where the R nL (r) are the radial wave-functions and the Y Lm (φ, ϕ) are the spherical harmonic functions. The states have the same radial quantum number n and orbital momentum L can be expressed by the superfields J(n), J µ (n), J µν (n), etc [34] ,
where the v µ denotes the four velocity associated to the superfields. The superfields J, J µ , J µν are functions of the radial quantum numbers n, the fields in a definite superfield have the same n, and form a multiplet. Here (and subsequential) we write down the bottomonium states explicitly, and smear the radial numbers n in the fields for simplicity, the corresponding ones for the charmonium states are obtained with an simple replacement. We multiply the bottomonium fields Υ 
where S, S ′ ∈ SU (2) heavy quark spin symmetry groups, and [S, v /] = [S ′ , v /] = 0. The vector meson transitions between the m and n heavy quarkonium states can be described by the following Lagrangians,
, and the δ(m, n) is the coupling constant. The present Lagrangians are analogous to the Lagrangians which describe the radiative transitions between the m and n heavy quarkonium states [32, 31, 35] . The Lagrangians L SP and L P D preserve parity, charge conjugation, gauge invariance and heavy quark spin symmetry, while the Lagrangian L SS violates the heavy quark symmetry. The effective Lagrangians L SP and L P D describing the electric dipole E 1 -like transitions can be realized in the leading order O(1), while the heavy quark spin violation effective Lagrangian L SS describing the magnetic dipole M 1 -like transitions can be realized in the next-to-leading order O(1/m Q ). In the heavy quark limit, the contributions of the order O(1/m Q ) are greatly suppressed, and we expect that the flavor and spin violation corrections of the order O(1/m Q ) to the effective Lagrangians L SP and L P D are smaller than (or not as large as) the leading order contributions.
From the heavy quark effective Lagrangians L SS , L SP and L P D , we can obtain the vector meson decay widths Γ,
where the T denotes the scattering amplitude, the k V is the momentum of the final states in the center of mass coordinate, the denotes the sum of all the polarization vectors, the j is the total angular momentum of the initial state, and the M is the mass of the initial state. The summation of the polarization vectors ǫ µ (λ, p), ǫ µν (λ, p), ǫ µνρ (λ, p) of the states with the total angular momentum j = 1, 2, 3 respectively results in the following three formulae,
and we use the FeynCalc to carry out the contractions of the Lorentz indexes.
Numerical Results
The [38, 39] , the Cornell potential model, the logarithmic potential model, the power-law potential model, the QCD-motivated potential model [40, 41] , the relativistic quark model based on a quasipotential approach in QCD [42] , the Cornell potential model combined with heavy quark mass expansion [43] , the screened potential model [44, 45] , the potential nonrelativistic QCD model [46] , the confining potential model with the Bethe-Salpeter equation [47] , etc.
In Tables 1-2 , we list the experimental values of the charmonium and bottomonium states compared with some theoretical predictions [36, 37, 38, 39, 44, 45] . For the newly-observed charmonium-like states, there are hot controversies about their natures, and we focus on the traditional charmonium scenario, although such identifications are not superior to others. One can consult Refs. [27, 31] for detailed discussions.
We calculate the vector meson decay widths Γ using the FeynCalc to carry out the contractions of the Lorentz indexes in the summation of the polarization vectors. In calculations, the masses of the charmonium and bottomonium states are taken as the experimental values from the Particle Data Group [36] , see Tables 1-2 ; for the unobserved charmonium and bottomonium states, we take the values from the screened potential model [44, 45] .
The numerical values of the vector meson transition widths are presented in Tables 3-11 , where we retain the unknown coupling constants δ(m, n) among the multiplets of the radial quantum numbers m and n. In general, we expect to fit the parameters δ(m, n) to the precise experimental data, however, in the present time the experimental data are rare. In Tables 3-4 ,12-18, we present the ratios of the vector meson decay widths among the charmonium (and bottomonium) states.
In Ref. [28] , Voloshin observes that the ratio of the vector meson decay widths χ b1,2 (2P) → Υ(1S)ω can be approximated by the ratio of the S-wave phase factor,
where the value in the bracket is the theoretical prediction from the heavy quark effective theory. The agreement between the approximated experimental data and the theoretical calculation based on the heavy quark effective theory is rather good, and the heavy quark effective theory works rather well. The ratios presented in Tables 3-4 ,12-18 can be confronted with the experimental data in the future at the BESIII, KEK-B, RHIC,PANDA and LHCb, and put powerful constraints in identifying the X, Y , Z charmonium-like (or bottomonium-like) mesons. In this article, we do not distinguish between the contributions of the three-gluon emissions and the open-heavy mesons re-scatterings, smear the underlying dynamical details, and introduce momentum-independent coupling constants, which can be fitted to the precise experimental data in the future. There is a relative P -wave between the two final-state mesons, the decay widths Γ ∝ k 3 V , the uncertainties originate from the masses can be estimated as
The masses of the light vector mesons listed in the Review of Particle Physics are M φ = (1019.455± 0.020) MeV and M ω = (782.65 ± 0.12) MeV [36] , the uncertainties originate from the ∆M ω/φ are tiny and can be safely neglected. In calculations, we observe that a larger k V results in a smaller uncertainty if the uncertainties of the masses of the heavy quarkonium states are fixed. For example, the k V in the transitions Table 3 : The ratios of the vector meson transitions of the S-wave to the S-wave charmonium states, where the wide-hat denotes the corresponding φ transitions. The units of the widths and the k V are δ 2 (m, n) and MeV, respectively. Table 4 : The ratios of the vector meson transitions of the S-wave to the S-wave bottomonium states, where the wide-hat denotes the corresponding φ transitions. The units of the widths and the k V are δ 2 (m, n) and MeV, respectively. The widths of the vector meson transitions of the S-wave to the P -wave charmonium states, where the wide-hat denotes the corresponding φ transitions. The units of the widths and the k V are 10 −2 δ 2 (m, n) and MeV, respectively. Table 6 : The widths of the vector meson transitions of the S-wave to the P -wave bottomonium states, where the wide-hat denotes the corresponding φ transitions. The units of the widths and the k V are 10 −2 δ 2 (m, n) and MeV, respectively. The widths of the vector meson transitions of the P -wave to the S-wave charmonium states, where the wide-hat denotes the corresponding φ transitions. The units of the widths and the k V are 10 −2 δ 2 (m, n) and MeV, respectively. Table 8 : The widths of the vector meson transitions of the P -wave to the S-wave bottomonium states, where the wide-hat denotes the corresponding φ transitions. The units of the widths and the k V are 10 −2 δ 2 (m, n) and MeV, respectively. Table 9 : The widths of the vector meson transitions of the P -wave to the D-wave bottomonium states. The units of the widths and the k V are 10 −2 δ 2 (m, n) and MeV, respectively. Table 12 : The ratios of the vector meson transitions of the S-wave to the P -wave charmonium states, where the wide-hat denotes the corresponding φ transitions, Γ = Γ Γ(ψ→χ2ω) . Table 17 : The ratios of the vector meson transitions of the D-wave to the P -wave charmonium states, Γ = Γ Γ(ψ2→χ1ω) . 
Conclusion
In this article, we study the vector meson transitions among the charmonium and bottomonium states with the heavy quark effective theory in an systematic way, and make predictions for ratios among the ω and φ decay widths of a special multiplet to another multiplet, where the unknown couple constants δ(m, n) are canceled out with each other. The predictions can be confronted with the experimental data in the future at the BESIII, KEK-B, RHIC,PANDA and LHCb, and put powerful constraints in identifying the X, Y , Z charmonium-like (or bottomonium-like) mesons.
